Summary Flavone acetic acid (FAA) is a synthetic flavonoid with dramatic pre-clinical anti-tumour activity involving a vascular component in its mechanism but no clinical effects have been seen to date. As FAA also has immunomodulatory activity, immunological factors might explain differences in activity between mouse and man. This study examines the influence of host immune status on the anti-tumour activity of FAA. Two human colon tumour xenografts (COBA, HT-29) fail to respond to FAA in nude mice. The lack of activity of FAA against HT-29 xenografts cannot be explained on the basis of limited drug bioavailability as achievable plasma, and tumour levels of FAA are similar to those seen in sensitive murine colon tumours. The immune status of the host also influences the activity of FAA against two transplantable tumours of the mouse colon. Both these tumours are highly responsive to FAA in their normal NMRI hosts, but neither tumours exhibited significant growth delay in thymectomised NMRI or nude hosts. Histological examination of treated tumours revealed significant areas of haemorrhagic necrosis in all three hosts. These data suggest a clear immunological component in the mechanism of action of FAA which is separate from the previously described haemorrhagic necrosis.
Flavone acetic acid (FAA) is a synthetic flavonoid with interesting pre-clinical activity against a broad spectrum of murine transplantable solid tumours that are refractory to conventional cytotoxic agents (Corbett et al., 1986; Plowman et al., 1986; Bibby et al., 1987b; Bibby et al., 1988a) . Despite these promising pre-clinical observations, FAA has no demonstrable clinical activity (Kerr et al., 1989) . Previous in vitro studies with a variety of tumour cell lines have indicated that high drug concentrations, or long exposure times, are necessary to achieve direct drug cytotoxicity with FAA (Bibby et al., 1987; CapolongQ et al., 1987; Schroyens et al., 1987) . These drug profiles are not achieved in mice in vivo suggesting that the anti-tumour effects against subcutaneous mouse tumours are not the result of a direct cytotoxic mechanism.
Numerous possible mechanisms have been proposed in order to explain this indirect activity and most of these suggest the involvement of a critical host component. A number of studies has demonstrated that FAA has immunomodulatory activity (Ching & Baguley, 1987; Hornung et al., 1988; Ching & Baguley, 1988) . Earlier studies in this laboratory have demonstrated that the establishment of a tumour vasculature may be necessary for the achievement of responses (Bibby et al., 1988b) . More recent studies have shown that anti-tumour activity in subcutaneous tumours is accompanied by vascular shut-down and a reduction in tumour blood flow (Bibby et al., 1989a; Evelhoch et al., 1988; Zwi et al., 1989) . Further investigations have shown that following FAA treatment in mice, clotting times were significantly reduced suggesting that possible intravascular coagulation occurs resulting in the vascular occlusion of tumours (Murray et al., 1989) . Although inhibition of tumour blood flow by FAA is an obvious component of its anti-tumour activity in solid subcutaneous tumours it is still necessary to establish whether this is the key mechanism of action. It is certainly an attractive possibility because systemic tumours in mice which do not develop a capillary blood vasculature do not respond to FAA (Bibby et al., 1989b) .
The anti-tumour activity of FAA in subcutaneous tumours is accompanied by histological changes similar to those produced by tumour necrosis factor (TNF) . TNF has been shown to produce thrombus formation which may be involved in its anti-tumour activity (Shimomura et al., 1988) . The histological appearance of subcutaneous tumours treated with FAA is also very similar to that reported following endotoxin treatment (Parr et al., 1973) . The tumour regression brought about by endotoxin was thought to be due to vascular damage to the tumour which permitted access for the immune defence mechanisms of the host to the tumour and also to activation of macrophages present within the tumour. Immunosuppression interfered with the anti-tumour action of endotoxin in spite of the fact that haemorrhagic necrosis still occurred. Response of human tumour xenografts to FAA appears to be modest (Giavazzi et al., 1988; Finlay et al., 1988; H. Fiebig personal communication) and there are certainly no published data demonstrating spectacular responses similar to those achieved in subcutaneous murine tumours.
The aims of this present study are to examine the influence of FAA on the growth of human colon tumour xenografts (HT29, COBA) in immune suppressed mice and also to compare the pharmacokinetics of FAA in nude mice with previously published mouse data (Bibby et al., 1987b; Bibby et al., 1988a; Bibby et al., 1989a The development of several adenocarcinomas of the large bowel in NMRI mice from primary tumours induced by prolonged administration of 1,2-dimethylhydrazine has been described previously (Double et al., 1975) . For this study the well differentiated slow growing MAC 26 tumour (Bibby et al., 1989a) and the moderately to well differentiated cachexia inducing MAC 16 tumour (Bibby et al., 1987a) were used. HT-29 human colon cancer cells were received from the Department of Pathology, University of Leeds and were maintained as solid subcutaneous tumours in nude mice. COBA-P is a moderately differentiated adenocarcinoma of the Sigmoid colon which has been maintained in serial passage and COBA-M is a synchronous metastasis which has retained its well differentiated appearance. All tumours were transplanted subcutaneously into the flank.
Chemotherapy
Chemotherapy began when the tumours had reached a size that could be accurately measured, and anti-tumour activity was assessed either by tumour volume or tumour weight. Sample extraction and chromatography FAA was extracted from fluid samples using solid phase chromatography measured by the HPLC method described by Double et al. (1986) , and modified from Kerr et al. (1985) . FAA plus internal standard, dimethylaminobenzaldehyde
(100 LI at 100 tLg ml-') were extracted from separated plasma samples (50 p1) using C 18 Bond Elut cartridges that had previously been primed using ethanol (1 ml) and washed with distilled water (1 ml). Following further washing, FAA was eluted in ethanol (500 ,ul) and injected into the HPLC. Tumour samples were mixed with 0.1 M sodium acetateacetic acid buffer pH 4 (10% weight/volume) and homo- genised using an Ultra Turrax blender. Homogenates were centrifuged at 2,500 r.p.m. at 4°C for 5 min. FAA plus internal standard (100 tl at 10 pg ml-') were extracted from the supernatant (100 ILI) as described above. Chromatography was performed using a Waters HPLC system and components were separated on a Lichrosorb RP-18 column and detected using a Lambda Max model 480LC spectrophotometer at 303 nm. Figure Sa ). However this effect is lost in both nude hosts ( Figure Sb) and thymectomised NMRI hosts (Figure 5c ). MAC 26 responses to cylcophosphamide, SFU and TCNU are similar in NMRI and nude hosts (Table I) . There were no significant differences in peak plasma levels in normal NMRI tumour bearers (333 ytg ml-') and thymectomised NMRI tumour bearers (343 jig ml-'). Similar observations were made with the MAC 16 tumours. Eight out of ten tumours in normal NMRI mice were cured (Figure 6a ) whereas no significant growth delays were observed in either nude (Figure 6b ) or thymectomised NMRI mice (Figure 6c ). mechanisms include its action as a biological response modifier through the activation of NK cells and macrophages (Ching & Baguley, 1987; Hornung et al., 1988; Ching & Baguley, 1988) , interference with tumour endothelium resulting in the collapse of the vascular supply (Bibby et al., 1989a; Zwi et al., 1989) , and metabolism to a more cytotoxic species in vivo (Chabot et al., 1989) . The results of this study clearly demonstrate that the anti-tumour activity of FAA is depen- dent upon the immunological status of the host. In normal NMRI mice, both MAC 16 and MAC 26 tumours grown subcutaneously respond to FAA with haemorrhagic necrosis seen within 4 h following drug administration (Bibby et al., 1987b; Bibby et al., 1988a) . When MAC tumours are grown subcutaneously in nude mice or thymectomised NMRI mice however, the anti-tumour effects of FAA are significantly reduced even though haemorrhagic necrosis was still observed. The extent to which haemorrhagic necrosis occurred in MAC tumours was comparable in all three hosts. No significant anti-tumour effects were seen in the three human tumour xenografts grown in nude mice. There was also no evidence of haemorrhagic necrosis in these tumours and the reasons for this require investigation. Pharmacokinetic studies suggest that the poor response of HT-29 xenografts to FAA is unlikely to be the result of poor drug bioavailability. Tumour levels of FAA in HT-29 xenografts (AUC = 517 yg h g-1) are comparable with those achieved in the highly responsive MAC 16 tumour (AUC = 500 gsg h g-') following the i.p. administration of FAA (Bibby et al., 1988a) . Furthermore, preliminary pharmacokinetic studies also suggest that the lack of activity of FAA against MAC 26 in thymectomised hosts is not the result of poor drug bioavailablity as peak plasma levels of FAA are equivalent to those achieved in MAC 26 tumours in normal NMRI mice (343 and 333 g ml-' respectively) (Phillips et al., 1990) .
The results of this study demonstrate that the host immune response is an important component in the mechanism of action of FAA. It may also be true to say however, that the activity of FAA may depend upon the immunogenicity of the tumour lines employed, although the activity reported by Hill et al. (1989) in non-immunogenic tumours (Hewitt et al., 1976) suggests this is unlikely. The high transplantation take rates and relative insensitivities of MAC tumours to standard cytotoxic drugs (Bibby et al., 1988a , Double et al., 1975 suggest that MAC tumours are not strongly immunogenic. There are no significant differences in the response rates of MAC tumours to standard anti-cancer drugs (nitrosoureas, cyclophosphamide, 5-fluorouracil) in NMRI and nude mice hosts. Sequential excision of MAC 15A tumours and assessment of clonogenic cell kill in vitro at various time intervals following FAA administration indicated that major cell kill occurred between 4 and 6 h after treatment in syngeneic hosts whereas limited cell kill was observed in tumours in nude mice (Phillips et al., 1990 ).
The exact mechanism by which FAA interacts with the immune system remains unclear although several studies have shown that FAA is capable of activating NK cells in vivo and macrophages in vitro (Ching & Baguley, 1987; Ching & Baguley, 1988) . In this respect, it is of interest to note that the characteristic features of FAA induced anti-tumour activity (i.e. the requirement for established tumours, rapid appearance of haemorrhagic necrosis, site dependent responses and the necessity for an immunocompetent host) bear a striking resemblance to those reported for endotoxin (Parr et al., 1973) . The process by which endotoxin induces anti-tumour effects is also indirect, depending upon a complex interaction of several host factors rather than direct action on tumour cells themselves. Interestingly haemorrhagic necrosis involving coagulation was found to be essential but not in itself sufficient to account for the dramatic anti-tumour effects (Parr et al., 1973) . The demonstration that MAC tumours grown in thymectomised NMRI mice also undergo haemorrhagic necrosis without significantly influencing the growth of the tumour closely mimics that seen with endotoxin. Clearly therefore, the occurrences of haemorrhagic necrosis, whilst it is an essential feature of FAA induced responses, is not the only mechanism involved. For significant anti-tumour activity to occur some additional component(s) of the immune system appears necessary. A recent study by Pratesi et al. (unpublished) has shown that FAA is active against colon 26 tumours in euthymic but not athymic mice and has also identified a role for L3T4 T lymphocytes in FAA induced regression of colon 26 tumours in Balb/c mice.
Haemorrhagic necrosis has not been detected clinically, but it is possible that FAA might induce haemorrhagic necrosis in human tumours without it being detected as a recognisable anti-tumour response. If haemorrhagic necrosis does occur in patients, these vascular effects may be compounded by combination studies with standard anti-cancer drugs. Studies to determine whether or not haemorrhagic necrosis occurs in other human tumour xenografts and the effects of combination chemotherapy are currently under way.
In view of the similarities between the anti-tumour effects of FAA and endotoxin, it is reasonable to assume that both compounds induce cytotoxic events via a common mech-anism. It is generally accepted that the anti-tumour effects of endotoxins are mediated through the formation of tumour necrosis factor (TNF) secreted primarily by activated macrophages (Old, 1988) . The involvement of TNF in the antitumour activity of FAA has been inferred in a recent study where the pre-treatment of tumour bearing mice with an anti-serum to recombinant murine TNF a prevents the vascular collapse associated with FAA induced cytotoxicity (Mahadevan et al., 1990) . It seems likely therefore that TNF secretion within the solid tumour mass may play a major role in the anti-tumour activity of FAA although other cytokines secreted by other components of the immune system cannot be ruled out at this stage.
In conclusion, the results of this study clearly demonstrate the important role played by the host's immune system in the mechanism of action of FAA. Vascular effects resulting in haemorrhagic necrosis alone are not sufficient to account for the dramatic anti-tumour activity reported and other factors are required. Studies to determine the essential components involved are currently in progress.
